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STRUCTURAL PARAMETERS FOR GLOBULAR CLUSTERS IN THE OUTER HALO OF M31 

Song Wang, 1 ' 2 ' 3 Jun Ma 1 ' 3 

A J, in press 

ABSTRACT 

In this paper, we present internal surface brightness profiles, using images in the F606W and F8I4W 
filter bands observed with the Advanced Camera for Surveys on the Hubble Space Telescope, for ten 
globular clusters (GCs) in the outer halo of M31. Standard King models are fitted to the profiles to 
derive their structural and dynamical parameters. The results show that, in general, the properties of 
clusters in M31 and the Milky Way fall in the same regions of parameter spaces. The outer halo GCs of 
M31 have larger ellipticities than most of GCs in M31 and the Milky Way. Their large ellipticities may 
be due to galaxy tides coming from satellite dwarf galaxies of M31 or may be related to the apparently 
more vigorous accretion or merger history that M31 has experienced. The tight correlation of cluster 
binding energy Ef, with mass M mo d indicates that, the "fundamental plane" does exist for clusters, 
regardless of their host environments, which is consistent with previous studies. 
Subject headings: galaxies: individual (M31) - galaxies: halos - globular clusters: general 



1. INTRODUCTION 

The mechanisms involved in galaxy formation is still 
one of the m ajor unsolved problems in astrophysics (e.g., 
iPerrett eT al. 2002). Globular clusters (GCs), which are 
considered to be debris of the galaxy formation, have 
a record about the information on both their formation 
condition and dynamical evolution within the environ- 
ment of their host galaxies, which are refl ected by their 
spatial structures and kinematics (Bar mby et al.1 2007; 
iMclaughlin et al. 2008) . So, GCs are regarded as a labo- 
ratory of galaxy history ()Brodie fc St rader 200jl). In ad- 
dition, GCs can be used as one of excellent tracers of sub- 
structures in the outer region s of th eir parent galaxies. 
For example, iBellazzi ni et al.l (|2003l ) identified the ac- 
cretion signature of the Sagittarius dwarf galaxy among 
the GCs in the ou ter halo of the Milky Way (MW); 
iMackev et al.l (|2007l ) found some of the GCs in the outer 
halo of M31 are rather unlike their MW counterparts as 
they are metal-poor, compact, and very luminous, which 
may well offer important clues to differences in the early 
formation and evolution of the two galaxies or in their 
subsequent accretion histories (see IMackev et al.l 120071 
for details). Thus, a detailed study of GCs in the outer 
halo of a galaxy is important. 

M31, with a distance of ~ 780 kpc from us 
(jStanek fc Garnavichl IJ991 iMacril 120011 ). is the largest 
galaxy in the Local Group, and it is so close to us that 
the GCs in it can be well resolved with the cameras on 
the Hubble Space Telescope (HST). M31 contains more 
GCs than all other Local Group galaxies combined with 
654 confirmed GCs and 606 GC candidates in the ver- 
sion V4.0 of the Revised Bologna Catalogue (RBC) of 
M31 GCs (|Galleti et al.ll200l 12001 [2007L [200l . M31 
contains so many GCs that a variety of clusters may 
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be included such as classic globul ars, extended and 
diffuse glo bulars (IHuxor et all 120081) . intermediate-age 
globu l ars dPuzia et al.l 120051 iFan etaTl 120061: iMa et all 
120091 iWang et al 12010ft ~and young ma ssive clusters 
(jPerina et an T2009. 20l2 IMa et al.l |20"H . GCs in the 
outer halo of M31 have been discussed by many au- 



thors (iMartin et al.l2006l: IMackev et1a1l2lMl2lMl^H0l; 
iHuxor et al.1 120081) , which may provide important clues 
for the accretion and interaction events between M31 
and surrounding galaxies. Recently. IMackev et al.1 (j2010f ) 
found a genuine physical association between GCs and 
multiple tidal debris streams in the outer regions of 
M31, implying that the remote GC system of M31 was 
la rgely accreted from the satellite galaxies (also reported 
in IHuxor et al1[20TTI ). 

Structures and kinematics of GCs can be determined 
by fitting different models to the surface brightness 
profiles, combined with mass-to-light ratios (M/L val- 
ues) estimated from velocity dispersions or population- 
synthesis models. In general, three models are used 
in the fits: the simple model of single-m ass, is o tropic , 
modified isothermal sphere developed by King (1966), 
an alternate modified isothermal spher e based on th e 
ad hoc stellar distribution function of Wilson] (|1975[) , 
and the B}l n surface-density profile of ISersid (JJ968). 
With these models, many authors have achieved some 
success in determining structures and kinematics of 
clusters from different galaxies, using images from 
ground-base d telescopes or HST: the MW dTrager et al.l 
I1993L [19951: IMclaughlin fc van der Mare] 120051) : "the 
Large and Small Magellanic Clouds, Fornax and Sagit- 
tarius dwarf spheroidal galaxies (IMackev fc Gilmorel 



I2003alrbllcl: IMclaughlin fc van der Marell I2005D: M31 
(iGrillmair et al.l 119961: iBarmbv et all 120021 120071 [20F 
| Mal 120111: IMa et all J2006L 120071 120121: iFederici et al 
l2007t IStrader et al.l [2009; H uxor et all 1201 ID: M33 
NGC 5128 (IHolland et al.l Il999l: 



(ILarsen et all I2002D 



s 



[ Harris et al.ll2002HMartini fc Holl2004l: IMclaughlin et all 
2008) . A number of studies focusing on the correlations 
between cluster parameters have been performed, which 
showed that there exists a fundamental plane among 
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most clusters, regardless of their different "growing envi- 
r onment" in different h ost galaxies. 

iBarmbv et al.l (|2007l ) derived structural parameters for 
34 GCs in M31 based on HST Advanced Camera for Sur- 
veys (ACS) observations, and the derived structural pa- 
rameters were combined with corrected versions of those 
measured in an earlier survey in order to construct a 
comprehensive catalog of st ructural and d y namic al pa- 
rameters for 93 M31 GCs. IBarmbv et ail (|2009l ) mea- 
sured structural parameters for 23 bright young clus- 
ters in M31 based on the HST Wide Field Planetary 
Camera 2 (WFPC2) observations, and suggested that 
on average they are larger and more concentrated than 
typical old clusters. Ho wever, the sample clu sters from 
IBarmbv et all (|2007l ) and lBarmbv et all p009) lie at pro- 
jected radii R p < 20 kpc except for five clusters G001, 
G002, G339, G353 and B468, the projected radii of which 
are 34.55, 33.62, 28.68, 26.32 and 20.05 kpc, respectively; 
and most of the sample clusters lie at projected radii 
R p < 10 kpc. So, structural parameters for GCs in the 
outer hal o of M31 are worth while to be determined. In 
addition, iHuxor et al.l ([20111 ) derived structural parame- 
ters for 13 extende d clus t ers (E Cs) in the halo regions of 
M31 by fitting the iKina (J1962D profiles to the photome- 
try data taken with the Wide Field Camera on the Isaac 
Newton Telescope (INT) and MegaCam on the Canada- 
France-Hawaii Telescope, which may provide an interest- 
ing comparison with the structural parameters for GCs 
in the outer halo of M31. 

In this paper, we determined spatial structures and 
kinematics for ten GCs in the outskirts of M31. In Sec- 
tion 2, we give observations of the sample GCs and the 
data-processing steps to derive their surface brightness 
profiles. In Section 3, we determine structures and kine- 
matics of the sample clusters with the model fitting. In 
Section 4, we discuss correlations of the structural and 
kinematic parameters of the sample clusters here com- 
bining with those of the Galactic and M31 clusters stud- 
ied by other authors. Finally, we give our summaries in 
Section 5. 

2. DATA AND ANALYSIS METHOD 

2.1. Globular Cluster Sample 

As mentioned in the introduction, a detailed study of 
GCs in the outer halo of a galaxy is important, since they 
can serve as one of excellent tracers of substructures in 
the outer regions of their parent galaxy. Till now, for 
M31, most of the clusters whose structural parameters 
have been determined, lie at projected radii R p < 10 
kpc. So, structural parameters for GCs in the outer halo 
of M31 are worthwhile to be measured. In this paper, de- 
tailed studies of the structu res of a sample often GCs in 
the outer halo of M31 from lMackev et al.l (J2007I ) will be 
presented . These samp l e halo GCs are interesting. For 
example, Ma ckev et al.l (|2007|) found some of them are 
rather unlike their MW counterparts as t hey are metal- 
poor , compact, and very luminous (see iMackev et al.l 
2007, for details). Eight of the ten halo GCs lie at pro- 
jected radii R p > 30 kpc, of which two lie at very large 
distances fr om M31: R v ~ 78 an d 100 kpc, respectively. 
In addition, IMackev et al. (2007) estimated their metal- 
licities, distance moduli and reddeni ng values by fitt ing 
the Galactic GC fiducials from iBrown et al.l (|2005|) to 



their observed color-magnitude diagrams in the F606W 
and F814W filters of deep images observed with the the 
ACS Wide Field Camera (WFC) under the HST pro- 
gram GO-10394 (PI: Tanvir). This program was aimed 
to obtain deep high resolution photometry of outer halo 
GCs in M31 to study their stellar populations, line-of- 
sight distances and structural parameters. Targets were 
imaged in the F606W and F814W filters for - 1800s and 
~ 3000s, respe ctively, with small dither s between various 
sub-exposures ([Richardson et al.ll2009f ). 



We 



2.2. Surface Brightness Profiles 
used the analogous procedure adopted by 



IBarmbv et al.l (|2007| ) to produce surface brightness pro 
files with ELLIPSE in IRAF. The center positions of 
these clusters were determined by centroiding. Ellipti- 
cal isophotes were fitted to the observed data, with no 
sigma clipping. Two passes of ellipse task were run in 
the procedure. In the first pass, ellipticity and position 
angle (P.A.) were allowed to vary with the isophote semi- 
major axes; in the second pass, surface brightness profiles 
were derived on fixed, zero-ellipticity isophotes, meaning 
that we always had circularly symmetric intensity pro- 
files, which would be fitted with circular structure mod- 
els. The overall ellipticity and position angle were deter- 
mined by averaging the ellipse output over the isopho- 
tal semimajor axes, and the uncertainty is a . Table 1 
lists the average ellipticity, P.A. and some additional in- 
tegrated data for the sample GCs. VI m agnitudes of 



9 GCs and / magnitude of GC6 are from IHuxor et al. 
(2008), while V magnitude of GC6 is from iReed et al. 
(1992). The galactocentric distances, dis tance moduli 



reddening values and mctallicities are from lMackev et al.l 
(2007), w hile the uncertainties of [Fe/H] are assumed to 
be 0.6 as IBarmbv et al.l (|2000l ) suggested for the stan- 
dard deviation of the metallicity distribution of M31 GC 
system. 

Raw output from package ellipse is in terms of counts 
s -1 pixel -1 , which needs to multiply by 400 to convert 
to counts s -1 arcsec -1 , since the ACS/WFC spatial res- 
olution is 0.05 arcsec pixel -1 . For drizzled ACS data, 
the units of counts are ELECTRONS (ACS Handbook). 
Two formulas were used to transform the ACS counts 
to surface brightness calibrated on the VEGAMAG system 
(ACS Handbook), 

A^Feoew/mag arcsec -2 = 26.398 — 2.51og(counts s -1 



MF814W / m &g arcsec 2 = 25.501 — 2.5 log(counts s 1 
arcsec -1 ). 



(1) 



(2) 



However, occasional oversubtraction of background 
during the multidrizzling in the automatic reduction 
pipeline leads to "negative" counts in some pixels, so 
we worked in terms of linear intensity instead of surface 
brightness in magnitudes. Given M0 i F6O6W = +4.64, 
Af©,F8i4W = +4.l43, equations for transforming counts 
to surface brightness in intensity were derived (also see 

4 See |http://www. ucolick.org/~cnaw/sun. html 
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iBarmbv et alll2007l for details), 

If606w/Lq pc -2 ~ 0.8427 x (counts s _1 arcsec -1 ), 

(3) 
-^F8i4w/^0 PC 2 — 1.2147 x (counts s x arcsec 1 ). (4) 

Table 2 gives the final, calibrated intensity profiles for 
the ten clusters but with no extinction corrected. The 
reported F606W- and F814W-band intensities are cali- 
brated on the VEGAMAG scale. Column (7) gives a flag for 
each p oint, which has the same mea ning as IBarmbv et all 
(120071) and lMclaughlinet al.l pOOl defined. 



As 



2.3. Point-spread Function 
noted by IBarmbv et~aTl l|2007ft 



and 



Dy \a 

iMclaughlin et al.l (|2008F that, though the sample 
GCs here are well resolved with ACS/WFC, the core 
structures are still influenced by the point-spread 
function (PSF ). We con volved the structural models 
developed bv iKingl (|1966h (hereafter 'King model') with 
a simple analytic descriptio n of the PSF before doing 
the model fitting, as given in IBarmbv et al.l (|2007| ). 

/psf,F606W/% = [1 + (.R/0.0686 arcsec) 3 ]' 3 - 69 / 30 , (5) 

and 

/psf,F814w//o = [1 + (i?/0.0783 arcsec) 3 ]" 3 - 56 / 3 ' , (6) 

with FWHMs of 0.125 arcsec and 0.145 arcsec in the 
F606W and F814W filters, respectively. 

2.4. Extinction and Magnitude Transformation 

When we fit models to the brightness profiles of the 
sample clusters, we will correct the inferred intensity 
profiles for extinction. The effective wavelengths of the 
AC S F606W and F814W filters are A eff ~ 5918 and 8060 
A ()Sirianni et a l. 2005). With the extinction curve A\ 
taken from Cardclli et al. (1989) with Ry — 3.1, two for- 
mulas for computing ^4f606W and Apsi4w are derived: 
^F606W — 2.8 Eb-v', ^4f814W — 1-8 Eb-v- In addi- 
tion, for easy comparison with catalogs of the GCs in 
the MW (see Section 4 for details), we transform the 
ACS/W FC magnitude s in th e F606W filter to the stan- 
dard V. Sirianni et al. (2005) has given transformations 
from WFC to standard BVRI magnitudes both on ob- 
served and synthetic methods (see their Table 22). As 
synthetic transformations are based on larger color range 
and more safely employed, they sho uld be cons idered the 
norm, unless some indicated cases ()Sirianni et al.l [2005). 
We used the synthetic transformation from F606W to V 
magnitude both on the VEGAMAG scale with a quadratic 
dependence on dereddened (V — I)q. With the magni- 
tudes in V and I bands and reddening values listed in 
Table 1, we found the (V — J)o values of all the sample 
clusters are larger than 0.4. So, the following transfor- 
mation formula was applied here, 

(V - F606W) = -0.067 + 0.340(V - I) Q - 0.038 

{V-I)l (7) 

for which we estimated a precision of about ±0.05 mag. 

3. MODEL FITTING 

There are a number of possible choices of structural 
models for fitting star cluster surface profiles, including 



King model, iWilsonl (|1975( ). and iSersid (|1968ft . as men- 
tioned in the introduction. King model is the most com- 
monly used model in studie s of star clusters. In addition, 
IBarmbv et all (|2007l 12009( 1 found that M31 clusters are 
better fitted by King models. So, in this paper, the inten- 
sity profiles of the ten GCs in M31 will be fitted by King 
models defined by the phase-space distribution function, 



/(£■) x^ exp[-E/a 2 ]-l, 



E <Q, 
E>0, 



(8) 



where E is the stellar energy, exo is a velocity scale. 

We first convolved King model with the ACS/WFC 
PSF for the F606W and F814W filters. Given a value for 
the scale radius tq, we computed a dimensionless model 
profile J mo d = Imod/Ioi and then carried out the convo- 
lution, 



i(R\ro) = jr_ 



iod(R'/r )IpsF [(x 
dx' dy' , 



x'),(y 



y')] 

(9) 



where R 2 = x 2 + y 2 , and R' 2 = x' 2 + y' 2 ; and /psf 
was approximated usin g the equations (O and (HJ) (see 
IMclaughlin et all 12008. for details). The observed sur- 
face brightness profiles were fitted by calculating and 
minimizing \ 2 as the sum of squared differences between 
model and observed intensities, with uncertainties listed 
in Table 2 being weights, 



X 



E 



[lobs(Ri) - /o-fmod^M - 4kg] 



(10) 



in which a background 7 D kg was also fitted. 

Figure 1 displays the observed intensity profiles as a 
function of logarithmic projected radius and the best- 
fitting King model (solid red line) for each cluster. The 
observed data have been extinction corrected, following 
by a fitted I D kg subtracted. The dashed blue lines repre- 
sent the shape of the PSF for the WFC F606W or F814W 
filters. Most profiles of the sample clusters were well fit- 
ted by King model, except for those at the intermediate 
radii of GC3, GC7 and GC9. We checked the images, and 
found that the three clusters are very loose and there are 
several bright stars at the intermediate radii. 

In Figure 1, open squares are ellipse data points in- 
cluded in the least-squares model fitting, and the crosses 
are points flagged as 'DEP' or 'BAD', which are not used 
to constrain the fit. In this paper, the ellipse gives 
isophotal intensities for 15 radii inside R < 2 pixels, how- 
ever, all of them are derived from the same innermost 13 
pixels, meaning that the isophotal intensities are not sta- 
tistically independent. So, to avoid excessive weighting 
of the central regions of clusters in the fits, we only used 
intensities at radii R m \m -Rmin + ( 0.5, 1 .0, 2.0) pixels, or 
R > 2.5 pixels as IBarmbv et all (|2007( 1 used. In addi- 
tion, we deleted some individual isophotes which devi- 
ated strongly from their neighbours or showed irregular 
features by hand. 

3.1. Basic Model Parameters 

Table 3 lists the basic parameters of 20 model fits to 
the sample clusters here. Column (1) gives the cluster 
name, column (2) the detector/filter from which the ob- 
served data were derived. Column (3) gives the color 
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Fig. 1. — Surface brightness profiles and model fits for the sample GCs here. 
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correction (V — F606W)o to transform native instrumen- 
tal magnitudes to the standard V scale. The fourth col- 
umn shows the number of points in the intensity profile 
that are flagged as 'OK' in Table 2, which were used 
for constraining the model fits. Column (5) is the fit- 
ting model which is always King model here. Column 

(6) gives the minimum x 2 obtained in the fits. Column 

(7) gives the best fitted background intensity. Column 

(8) gives the dimensionless central potential Wq of the 
best-fitting model, defined as W = — </>(0)/c7q. Column 

(9) gives the concentration c = log(rt/ro)- Column (10) 
gives the best-fit central surface brightness in the native 
bandpass of the data. Column (11) and column (12) 
show the best model-fit scale radius r in arcseconds and 
parsecs, respectively, while the latter was obtained from 
the angular scale with the distance moduli given in Table 
1. 

Uncertainties for the fitted model parameters were es- 
timated following Ay 2 < 1 for 68% confidence inter- 
vals. However, as iBarmbv et al.l (|2007l ) pointed out, be- 
cause the formal error bars estimated by ellipse for 
the isophotal intensities are artificially small, the best- 
fit Xmin can be exceedingly high (s>Ar pts ; the number of 



points used in the model fitting) even when a model fit 
is actually very good (see the values of Xmin m Table 3), 
and this would result in unrealistically small estimates 
of parameter uncertainties. So, we also re-scale the x 2 
for all fitted models by a common factor c hosen to make 
the gl obal minimum x^in = C^pte — 4) as IBarmbv et al.l 
(|2007f) did. Under this re-scaling, the global minimum 
reduced x 2 per de gree of freedom is exactly one (see 
IBarmbv et aLll2007L for details). 

3.2. Derived Quantities 

Tables 4 and 5 give various derived parameters for the 
best-fitting models for each cluster (the details of their 
calculation are given by Mclaugh lin et al.ll2008f ). 

The contents of Table 4 are: 
Column (4): logr t , the model tidal radius in parsecs. 
Column (5): log_R c , the projected core radius of the 
model fitting a cluster, which is defined as I(R C ) = io/2. 
Column (6): logi?^, the projected half-light, or effective, 
radius of a model, containing half the total luminosity in 
projection. 

Column (7): log(_R^/_R c ), a measure of cluster concen- 
tration and relatively more model-independent than Wq 
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or c. 

Column (8): log/ = 0.4(26.402 - (j, v<0 ), the best-fit 
central (R — 0) luminosity surface density in the V 
band, in units of Lq pc -2 . The surface-brightness zero 
point of 26.402 corresponds to a solar absolute magni- 
tude My,Q = +4.833. nv,o is derived from applying the 
term (V — F606W)o to the fitted central surface bright- 
ness in column (10) of Table 3. 

Column (9): logjo, the central (r — 0) luminosity vol- 
ume density in the V band in units of Lq pc -3 . 
Column (10): logLy, the V-band total integrated model 
luminosity, in units of Lq . 

Column (11): V tot = 4.83 - 2.5 log(Ly /L Q ) + 5 log(D/10 
pc) is the total V-band magnitude of a model cluster. 
Column (12): log/ft, = log(Lv/2TrR^), the luminosity 
surface density averaged over the half-light /effective ra- 
dius in the V band, in units of Lq,v pc~ 2 . 

The uncertainties of these derived parameters were es- 
timated (separately for each given model family) by cal- 
culating them in each model that yields \ 2 within 1 of 
the global minimum for a cluster, and then taking the 
differences between the extreme and best-fit values of 
the parameters (see iMclaughlin fc van der Marel 120051 
for details). 

The contents of Table 5 are: 
Column (3): Ty° p , the V-band mass-to-light ratio. The 
values of Ty P wer e derived by applying the population 
s ynthesis models of iBruzual fc Charlotl (|2003|) . assuming 
a lChabrierl (|2003|) initial mass function (IMF) and age of 
13 Gyr for all these clusters, with metallicities given in 
Table 1. Uncertainties of Ty° p include a ±2 Gyr uncer- 
tainty in age, as well as a ±0.6 uncertainty in [Fe/H]. 
Column (5): logM tot = logT^ + \ogL v , the inte- 
grated cluster mass in solar units, estimated from the 
total model luminosity Ly . 

Column (6): log-Eb, the integrated binding energy in 
ergs, which is defined as E\, = —(1/2) J"J"* Anr 2 pftdr . 
Column (7): log Eo = logT^ + log Jo, the central sur- 
face mass density in units of Mq pc -2 . 
Column (8): \ogp = log Y pop + logjo, the central vol- 
ume density in units of Mq pc -3 . 

Column (9): logE^ = log r fy >p + log Ih , the surface mass 
density averaged over the half-light /effective radius Rh, 
in units of M pc~ 2 . 

Column (10): loger Pi o, the predicted line-of-sight velocity 
dispersion at the cluster center in units of km s" 1 . 
Column (11): logz/ eS c,0) the predicted central "escape" 
velocity in units of km s _1 , with which a star can move 
out from the center of a cluster, which is defined as 
^scV^ 2 = 2[Wo + GM tot /r t a 2 ]. 

Column (12): logi r ^, the two-body relaxation time at 
the model-projected half-mass radius in units of years, 

estimated as t u - 2 - 06xl0 V M tot R h tt„ „ 
estimated as v Tl u - i n (o.4Af tot /m,) m* ■ nere ' TO *i 

the average stellar mass in a clus ter is assumed to be 

0.5M Q (see IMclaughlin et al.|[2008l for the details) 

Column (13): log/ = log[p /(27rcr 2 ) 3 / 2 ], the model's 

central phase-space density, in units of Mq pc -3 (km 

s- 1 )- 3 . 

The uncertainties of these derived dynamical quantities 

5 See http://www.ucolick.org/~cnaw/sun.html 



were estimated from their variations in each model that 
yields \ 2 within 1 of the global minimum for a cluster, 
as above, and combined in quadrature with the uncer- 
tainties in Ty" 13 . 

3.3. Comparison of Results in the F606W and F81^W 

Filters 

Model fits for the same cluster observed in different 
filters were compared to check whether there were sys- 
tematic errors or color dependencies in the fits. Figure 2 
shows the comparison of some parameters derived from 
fits to the sample clusters in both F606W and F814W 
filters. The left panel shows the comparison of projected 
half-light radius, while the right panel shows the ratio 
of half-light to core radii, all of which are from Table 4. 
The uncertainties for the parameters were also given in 
Figure 2. It is evident that the results between the two 
ACS bands are in good agreement. In following analysis, 
the F606W model fits were used for all the sample GCs. 

4. DISCUSSION 

We combined the GC parameters derived here 
with thos e derived by King- m odel fits for clusters in 
the MW (IMclaughlin fc van der Marel [2005h and M 31 
(TBarmbvet alJ I2002L 12007. 2009; H uxor et all |20T1 to 
form a large sample to look into the correlations be- 
tween the parameters. The ellipticities a nd gala c tocen 
tric distances for the MW GCs a re from Harris) ( 
(2010 edition). Fo r M31 GCs of IBarmbv eTafl ( 



1996) 



2002) 



and Barmbv e t al.l ()2007f ) which were not observed in 
WFC F606W filter, the data of Space Telescope Imag- 
ing Spectrograph V-band or High Resolution Channel 
(HRC) F606W-band or HRC F555W-band or WFPC2 
V-band are used, except for B 082, of which the dat a of 
WFC F814W-band was used as IBarmbv et al.l (|2007| ) re- 
ported, since it was unsuccessfully fi tted by King mode l 
in F606W filter. For clusters of IBarmbv et aLl (J2009D 
observed in WF PC2, the data of F4 39W- or F450W- 
band are used as IBarmbv et al.l (|2009D used, since these 
young clusters are dominated by blue stars and the 
mea surements from the bluer filters are m ore preferred 
(see | Barmbv et all 120091 for the details). iHuxor et alJ 
(2011) derived the structure parameters of 13 ECs based 
on V-band photometry (for INT) or g-band (for Mega- 
Cam) photometry. However, only metallicities of 4 ECs 
(HEC4, HEC5, HEC 7 and HEC12) were determined by 
IMackev et al.l (J2006D . We derived integrated cluster mass 
for the four ECs, using t h e V-b and absolute magnitude 
obtained by IHuxor et alJ (J2011D and a mass-to-light ra- 
tio determined with the same approach here (see §3.2 for 
details). 



4.1. Ellipticity Distribution 

As noted by IBarmbv et al.l (|2007l ). lLarsen et al.l (|2001f ) 
listed several possible factors for the elongation of 
GCs: internal rotation, galaxy tides, cluster merg- 
ers, and "remnant elongation" from some clusters' for- 
mer lives as dwarf galaxy nuclei. Cluster rotation 
is generally ac cepted to be a major fac tor for clus- 
ter flattening (TDavoust fc Prugnieil 1 19901). However 
Ivan den Bergh fc Morbevl (|1984l ) and Ivan den Berghl 
(|1996l) presented that the brightest GCs in both the MW 
and M31 are most flattened, which can be explained by 
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Fig. 2. — Comparison of parameters for model fits to the sample clusters in both F606W and F814W filters, left : projected half-light 
radius; right : ratio of half-light to core radii. 

references therein). In this paper, we show the distribu- 
tion of ellipticity with galactocentric position for clusters 
in the MW and M31 in Figure 3, including the outer halo 
GCs in M31 from this study. A conclusion can be given 
that these outer halo GCs of M31 have larger ellipticitics 
than most of GCs in M31 and the MW. These outer halo 
GCs li e at large projected radii than most sample clus- 
ters in lBarmbv et alj (|2002ll2007l) . their large ellipticities 
may be due to galaxy tides coming from satellite dwarf 
galaxies of M31 or may be related to the apparently more 
vigorous accretion or me rger history that M31 has expe 
rienc e d (e.g. Ilbata et al.H2005l 120071 *^ 
2001 iBekkil I201C* Hammer et al 















1 ■ 1 










1 1 1 1 








1 ■ 1 


■ 




Nf 






















x 








■ 




o 


















X 


x 




• 






" 




















v 














_ 


HI 


cJ 


















x 












- 


>> 








x 








U 




x 


x 










- 


u 






















X* 




° 




• 


■ 


o_ 


































































_7j 


o 












X 




° 


ex 


XX 




x • 






: 




*~; 












w 












x 






... 


























































































































XX 81 X 












" 


















u 




o ceo 












" 


































" 














1 1 1 








00000 


xx , ** 


x 






1 1 1 





0.1 



10 



100 



R g cAP c 



2010: IHuxor et all 120 1 ID . 



[McConnachie etU 
2010t IMackev et al. 



Fig. 3. — Ellipticity vs. galactocentric distance for GCs in M31 
from lBarmbv et al . (2002, 20071) (crosses), in the outer halo of M31 
from the present sample (filled circles) and the MW from IHarrisI 
(1996) (2010 edition) (open circles). 



the clus ter mergers and "re mnant elongation" . In addi- 
tion, as lHarris et al.l (|2002t ) noted that dynamical mod- 
els show that internal relaxation coupled to the exter- 
nal tides will in most situations drive a clus ter toward a 
round er shape over several relaxation times. lHarris et al.1 
(2002) presented that, the distributions of ellipticities 
for the M31 and NGC 5128 clusters and the old clus- 
ters in the Large Megallanic Cloud, are very similar, 
but different from the M W. With a large cluster sam- 
ple, |Barmb^eLal] (|2007t ) also showed the distribution of 
ellipticities for clusters in the MW, M31 and NGC 5128, 
and found the distributions of ellipticities for M31 and 
NGC 5128 are not statistically different; both differ from 
the MW distribut i on in having few very round clusters. 
So, IBarmbv et al.1 (J2007I ) concluded that there is no evi- 
den ce that the over all galaxy environment is a major fac- 
tor. IBarmbv et al.1 (2002) discussed about correlations of 
GC ellipticities with other properties in detail, and pre- 
sented some explanations for these correlations combined 
with other authors' results (see IBarmbv et alJl2002L and 



In order to show whether cluster ellipticities are 
caused by int ernal processes such as rotation or veloc- 
ity anisotropy, Bar mbv et al.l (|2007l ) showed ellipticity as 
a function of luminosity and half-mass relaxation time 
for clusters in M31, NGC 5128 and the MW, since if it is 
true, relaxation through dynamical evolution should act 
to reduce any initial flattening (see IBarmbv et al.l 120071 
and references therein). These authors found a mild sys- 
tematic decrease in ellipticity with increased luminosity, 
although considerable scatter, and no corr elation of ellip- 
ticity with relaxation time is evident. So. IBarmbv et all 
(2007) concluded that the observed distribution of GC 
ellipticity appears to be due to a number of factors. Fig- 
ure 4 displays ellipticity as a function of model luminos- 
ity and half-mass relaxation time for clusters in the MW 
and M31, including the outer halo GCs in M31 studied 
here. It is evident that, when we add the data for the 
outer halo GCs in M 31 obtained here, the conclusion of 
IBarmbv et al.l (|2007l) will not evidently change, although 
the mild systematic decrease in ellipticity with increased 
luminosity nearly disappears. In addition, we think that 
the larger ellipticities of the outer halo GCs of M31 than 
most of GCs in M31 and the MW may be due to galaxy 
tides coming from satellite dwarf galaxies of M31 or may 
be related to the apparently more vigorous accretion or 
merger history that M31 has experienced. 
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Fig. 4. — Ellipticity as a function of luminosity (left) and half-mass relaxation time (right) for GCs. Symbols are as in Fig. 3. 



4.2. Correlations with Position and Metallicity 

As IBarmbv et al.l (|2007l ) noted that, previous studies 
have shown that structures of the MW GCs are largely 
independent of galactocentric distances and metallic- 
ity, except for the corre lation of half-l i ght r adius with 
galactocentric distances. IBarmbv et al.l (|2002f ) presented 
structural parameters as a function of galactocentric dis- 
tance for clusters in M31 and the MW, and found that, 
there is no significant trend of c with -R gc , both Rh and rg 
are correlated with i? gc , and there is no clear correlation 
of n v (0) with R gc . The results of IBarmbv et al.l (|2002f ) 
are i n agreement with ones obtained for GC s in the MW 
fe.g. lMclaughlin1l20M) and NGC 5128 (e.g. Harris et~aT1 



120021) . IBarmbv et ail ((2002) concluded that the correla- 
tions of Rh and r with R gc for GCs in both the MW 
and M31 are due to physical cond itions at the time of 
cluster formation as sugges ted bv Ivan den Bergh et all 
(|1991h for MW GCs. IBarmbv et al.l (|2007| ) showed struc- 
tural parameters as a function of galactocentric distance 
for GCs in the MW, the Magellanic Clouds and For- 
nax dwarf spheroidal, NGC 5 128, and M31, and found 
simila r results. In addition, iMackey fc van den B ergh 
(2005) showed that there is a clear trend of increasing 
Rh with increasing R gc for the Galactic GCs. We should 
notice that the galactocentric distances are true three- 
dimensional distances for Galactic GCs and projected 
radii for M31 clusters. 
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Figure 5 shows structural parameters as a function 
of galactocentric distance R gc for M31 o uter halo GCs 
studi ed here, M31 young m assive clusters (Barmb y et al. 
20091 ). MW globulars (Mclaughl in fc van der Mare] 



M3 1 globulars ( 



M31 ECs (IHuxor et all 



than old GCs a t the same galactoc entric distances. For 
comparing with IHuxor et all (1201 ID ( their Figure 9), we 
include the ECs of IHuxor et al.l (J2011I ) in the upper-right 



Barmby et al.l I2002L 120071) and 



20111 ). It is evident that, when 
we add the data for the out er halo GCs in M31 ob- 
tained here, the conclusion of I Barmby et al.l (2002) will 
not change, with the exception that the galactocentric 
distances of M31 clusters can reach to 100 kpc which are 
as distant as the MW clusters. In addition, it is true 
that M31 young massive clusters have larger c and Rh 



panel of Figure 5, in which Rh is versus R gc . It can be 
seen that, at large raddi (from 30 to 100 kpc) there are 
few GCs having Rh in the range fr om 8 to 15 pc, whi ch 
is in agreement with th e finding of IHuxor et al.l ()201lD . 

iBarmbv et al.1 (|2002D showed structural parameters as 
a function of [Fe/H] for clusters in M31 and the MW, 
and found that there is no correlation of metallicity with 
concentration c or central surface brightness /iy(0), but 
there does appear to be a correlation with size, as mea- 
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sured by ro or Rh, i.e. r p or R h deceases with increased 
metallicity. lHarris et al.l (|2002l ) showed a different corre- 
lation of r h with [Fe/H] for GCs in NGC 5128, where r h 
is the half-mass radius, and reported that the correlation 
may be due to a se l ection effect because of a small sam- 
ple. IBarmbv et al.l (|2007[) showed structural parameters 
as a function of [Fe/H] for GCs in the MW, the Mag- 
ellanic Clouds and Fornax dwarf spheroidal, NGC 5128, 
and M31, and found that, no correlation of c with [Fe/H] 
exists; a weak correlation of Rh with [Fe/H] is present: 
Rh deceases with increased metallicity, except for GCs in 
NGC 5128; there is a slight systematic increase of nvo 
with [Fe/H]. 

Figure 6 plots structural parameters as a function of 
[Fe/H] for M31 ou ter halo GCs studied here, M31 young 
massive clusters (IBarmbv et al.l |2009f) . MW globulars 
(Mclaugh lin fe van der Maxell 12005ft . and M31 globulars 
(IBarmbv et all 120021 120071) and M31 ECs (|Huxor et al.l 
1201 ID . It is evident that, the outer halo GCs of M31 
fall in the same regions of parameter spaces of clus- 
ter s in M31 and t he MW . In addition, the c onclus ions 
of IBarmbv et all {2002) and IBarmbv et all (|2007ft do 
not change when ad ding the young massive clusters of 
IBarmbv et all (|2009f ) a nd the outer halo G Cs here. We 
also include four ECs of lHuxor et al.l (|2011l ) in the upper- 
right panel of Figure 6. An evident feature is that these 
four ECs are all metal-poor and have large Rh- 

Figure 7 plots structural parameters as a function 
of model mass M mo d for M31 ou ter halo GCs studie d 
here, M31 you ng massive clusters (IBarmbv et "ail [2 009). 
MW globu lars (IMclaughlin fe van der Marelll2005ft . M31 
globulars (Barmby_eLal| 12002], |2007j) and M31 ECs 
(|Huxor e~ al. 2011). The properties of clusters in M31 
and the MW fall in the same regions of parameter spaces, 
with the exception that, on average, the young massive 
clusters have larger sizes and higher concentrations than 
older clusters of the same mass (see IBarmbv et al1l2009l 
for discussions in detail). We also include four ECs of 
iHuxor et al.l (|2011l ) in the upper-right panel of Figure 7. 
Three ECs have intermediate masses as well as the outer 
halo GCs of M31 studied here, w hile one EC (HEC12 ) 
has very low mass (~2x 10 4 M ). IBarmbv et~al] (J2007I ) 
showed structural parameters as a function of model lu- 
minosity for GCs in M31, the MW, NGC 5128, the Mag- 
ellanic Clouds, and the Fornax dSph, and found the prop- 
erties of clusters in all six galaxies fall in the same regions 
of parameter spaces. The lower-right panel of Figure 7 
shows one v i ew of t he fundamental p lane, as defined by 
IMclaughlin I (pOOOt ) . iDiorgovskil (fl995h found a pair of bi- 
variate correlations in MW GC parameters which imply 
the existence of a "globular cluster fundamental plane" , 
simila r to that expected i f the cores were virialized struc- 
tures. lHarris et all (|2002ft found that the NGC 5128 GCs 



describe a relation between binding energy and luminos- 
ity that even tighter than in the MW, which occupy the 
same extremely narrow region of the parametric "funda- 
mental plane" as do their MW counterparts. 

5. SUMMARY 

GCs in the outer halo of M31 have recently been dis- 
covered in many surveys. We selected ten GCs (15 
kpc < Rn < 100 kpc) which have been studied by 
iMackev et al.l 12007) based on the HST observations used 
in this paper. We measured surf ace brightness profile s 
for them using the HST images of IMackev et al.l (|2007ft . 
Structural and dynamical parameters were derived by fit- 
ting the King model to the light profiles. We discussed 
the properties o f the sample GCs here c ombined with 
GCs in the MW (IMclaughlin fe van der M arel 2005) and 
clusters in M31 (jBarmbv et al J2002L 120071 12009ft . In gen- 
eral, the properties of the M31 and the Galactic clusters 
fall in the same regions of parameter spaces. 

The outer halo GCs of M31, which lie at large pro- 
jected radii, have larger ellipticities than most of GCs in 
M31 and the MW. Their large ellipticities may be due 
to galaxy tides coming from satellite dwarf galaxies of 
M31 or may be related to the apparently more vigorous 
accretion or merger history that M31 has experienced. 
However, this conclusion remains to be checked because 
of the sample limitation. RBC V4.0 provides 39 GCs and 
87 GC candidates which lie at R p > 20 kpc. With more 
and more HST observations, structural and dynamical 
parameters for these clusters can be measured, which 
will provide a larger sample for discussion on the halo 
GCs. 

The strong correlation of Ef, with model mass M mo d 
indicates a tight fundamental plane both for M31 and 
Galactic clusters, and no offset is apparent in the corre- 
lation between old and young clusters, especially includ- 
ing GCs in the outer halo of M31 studied here. This 
implies that some near-universal structural properties 
are present for clusters, regardless of their host envi- 
ronments, wh i ch is consis tent with previous studies of 
IBarmbv et all (120071 12009ft . 
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Fig. 7. — Structural parameters as a function of model mass M mo< j. Symbols are as in Fig. 5. 
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TABLE 1 
Integrated Measurements for the 10 GCs in the M31 Halo. 



Name 


e a (F606W) 


e a (F814W) 


6»"(F606W) 
(deg E of N) 


6> 6 (F814W) 
(deg E of N) 


V 

(vegamag) 


(vegamag 


R gc 

(kpc) 


(m - M) 


E(B - V) 


[Fe/H] 


GC1 


0.16 ±0.09 


0.23 ±0.14 


-91 ± 60 


-86 ± 49 


16.050 


15.070 


46.4 


24.41 


0.09 


-2.14 


GC2 


0.18 ±0.07 


0.21 ±0.09 


-134 ±36 


-132 ±38 


16.980 


16.040 


33.4 


24.32 


0.08 


-1.94 


GC3 


0.36 ±0.25 




-126 ±49 




16.310 


15.360 


31.8 


24.37 


0.11 


-2.14 


GC4 


0.33 ±0.20 


0.30 ±0.21 


-139 ±61 


-147 ±57 


15.760 


14.680 


55.2 


24.35 


0.09 


-2.14 


GC5 


0.24 ±0.16 


0.15 ±0.08 


-165 ±69 


-165 ±49 


16.090 


15.010 


78.5 


24.45 


0.08 


-1.84 


GC6 C 


0.16 ±0.12 


0.32 ± 0.26 


-123 ±68 


-116 ±60 


16.590 


15.460 


14.0 


24.49 


0.09 


-2.14 


GC7 










18.270 


17.070 


18.2 


24.13 


0.06 


-0.70 


GC8 


0.15 ±0.08 


0.22 ±0.15 


-183 ±43 


-137 ±55 


16.720 


15.680 


37.1 


24.43 


0.09 


-1.54 


GC9 




0.35 ±0.16 




-135 ±43 


17.780 


16.710 


38.9 


24.22 


0.15 


-1.54 


GC10 


0.18 ±0.13 


0.13 ±0.05 


-160 ±49 


-152 ±37 


16.500 


15.590 


99.9 


24.42 


0.09 


-2.14 



a e — 1 — b/a, while a and b are the leng 
b Position angle (P.A.)is measured in dc; 
c GC6 is called B298 in RBC V4.0. 



ths of the semimajor and semiminor axes, respectively, 
grees anticlockwise from North. 



TABLE 2 
The 20 F606W, F814W Intensity Profiles of the 10 GCs in the M31 Halo. 



Name 


Detector 


Filter 


R 

(arcscc) 


I 

Lq pc" 2 


Uncertainty 
Lq pc~ 2 


Flag 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


GC1 


WFC 


F606W 


0.0260 


31738.412 


202.312 


OK 


GC1 


WFC 


F606W 


0.0287 


31294.604 


223.745 


DEP 


GC1 


WFC 


F606W 


0.0315 


30807.689 


243.173 


DEP 


GC1 


WFC 


F606W 


0.0347 


30277.402 


263.883 


DEP 


GC1 


WFC 


F606W 


0.0381 


29710.863 


294.703 


DEP 


GC1 


WFC 


F606W 


0.0420 


29090.574 


324.043 


DEP 


GC1 


WFC 


F606W 


0.0461 


28412.213 


351.340 


DEP 


GC1 


WFC 


F606W 


0.0508 


27656.385 


368.209 


DEP 


GC1 


WFC 


F606W 


0.0558 


26734.781 


357.023 


OK 


GC1 


WFC 


F606W 


0.0614 


25634.490 


362.977 


DEP 


GC1 


WFC 


F606W 


0.0676 


24403.732 


376.725 


DEP 



Note. — Table 2 is published in its entirety in the electronic edition of the Journal, 
regarding its form and content. See text for description of the FLAG column. 



Only a small portion is shown here, for guidance 



Basic Parameters of the 



TABLE 3 
20 Profiles of the 10 GCs in the M31 Halo. 



Name 


Detector 


(V - F606W) 
(mag) 


N pts 


Model 


X. m i n 


4k g 
L pc~ 2 


Wo 


C 


Mo 
(mag arcsec" 2 ) 


logr 
(arcsec) 


log r () 
(PC) 




(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 




GC1 


WFC/F606 


0.189 ±0.050 


57 


K66 


3401.76 


0.20 ±0.08 


8.961^ 


9 11+0. 07 
^^ -0.09 


14.73+^*3 


-1 inn+ ,u);W 

±.lUU_o 49 


n t-oo+0.039 
U.dO^_ 049 






WFC/F814 




56 




2083.76 


0.00 ±0.13 


o 79+0.27 
°-' z -0.32 


9 n4 +0.07 
z - u *-0.09 


14.35i° :i7 


-1 000+ 0032 

l.UUU_o.o48 


-0 4QO+ 0032 

U.1OZ_ 048 




GC2 


WFC/F606 


0.183 ±0.050 


53 


K66 


686.35 


0.20 ±0.12 


7 40+0.20 

'•^ y -0.22 


1 67+ 006 

-L-Of -0.07 


17 05+ 011 

i'-UO-0 .06 


-0 c:c:n+ ' 022 
U.ddU_ 030 


000+ 0022 

U.UUU_ 030 






WFC/F814 




53 




743.06 


0.10 ±0.15 


7.58±° il 


1 70+ ' 11 

1 -' u -0.06 


16 24+ 009 

iD - /4 -0.09 


-0 600+ 0034 

U.OUU_ 043 


-0 050+ 0034 

U.UOU_ 043 




GC3 


WFC/F606 


0.172 ±0.050 


30 


K66 


262.8 


0.70 ±0.12 


5.06±°\t 


1 n4+ ' 03 


IS OK+0.08 

io.zo_ 09 


100+ 0007 

U.1UU_ 023 


660+ 0007 

U.DUU_ 023 






WFC/F814 




29 




195.46 


0.80 ±0.18 


5.09i° :M 


1 n5 +004 


17 RS+ 012 
1I.DO_ og 


100+ 0012 

U.lUU_o,012 


660+ 0012 

U.DDU_ 012 




GC4 


WFC/F606 


0.216 ±0.050 


57 


K66 


1378.26 


0.60 ±0.16 


7 O1+0.21 
'• o± -0.24 


1 62+ 007 


16.2418:1* 


-0 4 c ;n+ ' 031 

U.4OU_ 027 


106+ 0031 

U.1UD_ .027 


- 
p 




WFC/F814 




57 




935.37 


0.90 ± 0.34 


7 07+O.23 
'•°'-0.23 


1 64+ 007 


15.62i°;» 


— n 4cin+ '0 25 

U.4OU_ 030 


106+ 0025 

U.1UU_ 030 


crq 


GC5 


WFC/F606 


0.222 ± 0.050 


49 


K66 


687.47 


1.00 ±0.31 


6 RO+0' 28 


1 4 9+o.o8 


16.65+°^ 


-0 S50+ ' 020 

U.OdU_ 022 


226+ 0020 

UiZiu -0 .022 


S- 




WFC/F814 




54 




2066.58 


0.40 ± 1.03 


7 4 o+0.27 
'•^°-0.33 


1 66+ 008 


1 5 S7+° :i6 

i0 - 8 '-0.09 


-0 4 c ;n+ ' 029 

U.4OU_ 060 


126+ 0029 

u ' liu -() .060 


£ 


GC6 


WFC/F606 


0.230 ± 0.050 


54 


K66 


477.9 


0.60 ±0.11 


6 95+ ' 11 


1 ci +0.03 
1 - ol -0.04 


16-271°:°* 


-0 ^n+ ' 018 

U.ddU_ 017 


034+ ' 018 

U.UO1_ 017 






WFC/F814 




54 




404.46 


0.90 ± 0.25 


6.98t°;f 6 


1 ro+0.07 
1 - oz -0.08 


15.67l°;f 2 


_n ^n+o- 015 

U.ddU_ .026 


n34+ ' 015 

U.UO1_ .026 




GC7 


WFC/F606 


0.261 ±0.050 


34 


K66 


196.86 


0.10 ±0.00 


74 o+0.11 


1 66+ ' 04 

1 - DD -0.04 


i8.46i°;g? 


-0 4 c ;n+ ' 020 

U. z ±OU_o.o27 


062+ 0020 

U.UDZ_ 027 






WFC/F814 




34 




229.16 


0.20 ± 0.00 


7 99+O.14 
'• zz -0.11 


1 KQ+0-04 
±.O»_ 03 


i7.i8l8:8 8 5 


-0 500+ 0021 

U.OUU_o.o49 


o.oi2l8:8 2 9 




GC8 


WFC/F606 


0.205 ± 0.050 


48 


K66 


170.88 


0.60 ±0.15 


7 4n+ ' 08 
'•^ u -0.07 


1 fi^+o- 03 
i.oo_ 02 


i5.9s±°:8| 


-o.7ool8:8°I 


-o.i28l8:8°° 






WFC/F814 




47 




186.59 


0.70 ±0.19 


7 09+O.O9 
<- 82 -0.12 


1 7S+0- 03 

i -'°-0.04 


14.9918:81 


-o.85ol8:8i 6 4 


n 970+0. 016 
-U.2r8_0.014 




GC9 


WFC/F606 


0.189 ±0.050 


33 


K66 


321.09 


0.40 ± 0.03 


c 7 r+0.07 


1 iq+0.02 


1q oo+0.03 

l».OO_ 2 


o.oool8:° g 


0.530l° :8 22 






WFC/F814 




32 




82.88 


-0.30 ± 0.09 


6 02+ ' 20 

D - Uz -0.16 


1 26+ ' 05 

i - ZD -0.04 


18.63l°: 07 


-o.o5ol8:8iI 


0-48018:811 




GC10 


WFC/F606 


0.169 ±0.050 


54 


K66 


1433.16 


1.20 ±0.14 


8 4S+0- 25 

°-^°-0.24 


1.971^7 


1 5 42+°' 10 

lO.1Z_ 09 


-0.95018:^1 


-o.38o±S:g|| 






WFC/F814 




54 




1280.34 


1.10 ±0.17 


tr 4 +0.30 


1.9918:8? 


+0.11 
i4 -' ' -0.09 


-i.oool8:° 2 39 


-o.43ol° :8 2 9 





TABLE 4 
Derived Structural and Photometric Parameters from the 20 Profiles of the 10 GCs in the M31 Halo. 



Name Detector Model 



(1) 



(2) 



(3) 



log rtid 
(pc) 

(4) 



3+0.07 
-0.08 

1+0.07 
-0.09 

1 67+ ' 06 
1MI -0.07 
I CK+0.11 
1 - od -0.06 
L70 +0.03 



logR c 

(PC) 

(5) 



logi? h log R h /Rc 
(pc) 



U.04tU_o.o 4g 

-n44i +0030 

_ nnl 7 +0.020 
u - ul ' -0.028 

-0 066+ 0032 

U.UDD_ 041 

0.607l° :»* 

0.6081°,;°,°,? 

O.OSYtVoll 
0.088±°;gll 

o.20o±S;81| 



(6) 



-u.lOb 

0.117 

+0.109 



0.584IHS 
0.5591°;°?? 
0.8501°;°?! 

U-O04_o .028 

n R45+ 0066 

U.D4O_ 058 

660 + °° 6 ° 

U - OOU -0.054 



(7) 



1 052+ ' 154 
i.uoz_ 154 

0.974±g-J5? 

0finl +0.091 
U.DU1_ 089 

n 625+° 139 

u '" io -0 .083 

244+ 0043 

"•^^-0.019 

246+ 0028 

U.Z^D_ 03 g 
n rro+0.091 

u.ooo_ 086 

C7O+0.087 
u ' d ' z -0.077 

427+ - 073 

u -* zl -0.056 

n 586+° 134 

U.OOD_ 100 

U.488_ 0050 

n 40,^+0.080 

u.iao_ 066 

U.____ 054 

^41+0.082 

u.o_i_ 046 
0.584l°;°« 
0.696l°,;°, 55 

n o ln +0.038 

u.oiu„ 028 

n o 42 +0.042 
U._ ___ 042 

OQQQ+0.121 
■OO^-O.O-J 

0-915^ 



log Jo 
(8) 



los 



Jo 



L 0i v pc 3 



+0.06 



(9) 



4.83f^T 
4.73I°;i° 

o no+0.06 
°- oo -0.07 
o 4 o+0.07 

■-"•^-o.os 

9 90+0. 06 
z -^°-0.04 
9 9Q + 0.05 

o 5 Q+0.08 
°- oa -0.09 
o 5 Q+0.08 
0.0 » _ 08 

o 01 +0.07 
°- ol -0.09 

o 4 +o.n 

°-^ u -0.09 

o 64 +o.04 

°- oy: -0.04 
o fi4 +0.05 
■J- D *-0.04 
9 -79+0.06 
z -' z -0.06 
9 7O+0.08 
^•'"-0.06 

qo+0.04 
o.y__ 3 

4 n7+ - 04 

^• u '-0.04 

1 Qfi+ ' 05 
i - yD -0.04 

2 nn+ 003 

z - uu -0.04 
441 +0.07 
4 - 41 -0.06 

4 4fi+ - 08 



logLv 

Lq,V 

(10) 



+0.02 

-0.03 



Vtot 

(mag^ 
(11) 



+0.07 
-0.06 



log Ih 

L Q:V pc~ 2 

(12) 



< ii-V >h 

[mag arcsec~ 



+0.21 

-0.19 

+0.21 
-0.19 

+0.12 
-0.10 

0.08 



(14) 



TUTT 
-0.52 
+0.48 
0.52 
n-,+0.26 
3 -0.29 
7Q+0.44 
'"-0.20 
21 +0.03 



GC1 WFC/F606 K66 

WFC/F814 
GC2 WFC/F606 K66 

WFC/F814 
GC3 WFC/F606 K66 

WFC/F814 
GC4 WFC/F606 K66 

WFC/F814 
GC5 WFC/F606 K66 

WFC/F814 
GC6 WFC/F606 K66 

WFC/F814 
GC7 WFC/F606 K66 

WFC/F814 
GC8 WFC/F606 K66 

WFC/F814 
GC9 WFC/F606 K66 

WFC/F814 
GC10 WFC/F606 K66 

WFC/F814 



1.58: 
1.61J 



-0.03 
1+0.04 
-0.04 
L73 +0.07 



1.71] 



-0.07 

4+0.07 

-0.07 

X.64+0.08 



1.74: 



0.05 

+0.09 

0.10 

55 +0.03 



78: 



-0.04 
1 cc+0.07 

172 +0.04 



1.60 
1.52 
1.50 
1.72 
1.74 
1.59 
1.56 



0.04 
+0.04 

0.03 
+0.03 

0.02 
+0.03 

0.04 
+0.02 

0.01 
+0.05 

0.04 
+0.07 

0.07 
+0.09 

0.07 



0.512 
0.532 



0.627; 



0.108: 
0.012 



+0.017 
-0.016 



-0.024 

n n44+ 0019 

U.U___ 026 

j+0.020 



-0.054 
! -0.038 

6Q4+ - 077 
0.500ig;g|° 
0.5081;°;°! 

0.6301°;°! 



u.uuo_ 048 U.O___ 026 



-0.293: 
0.491^ 



-0 14fi+ 0005 

U.11D_o.oi3 

j+0.015 
-0.013 
1+0.021 
-0.023 

fl 44(S+ 0015 
_.__0_o. 12 

-0 391+ 0014 
u.o_±_ 32 

-0 44n+°'° 2 ° 

U. __U_ ()37 



0.4381°;°^! 
0.404+H| 
0-801_ :oo8 
0.7871S 
0.4931°;°?? 

0-475lg;^ 4 



4.59 



+0.03 



3.67 



o iq+o.04 

°- ±t '-0.04 



3.98 



+0.05 



3.81 



+0.05 



3 OR+0.02 
°' au -0.02 



3.07 



+0.03 



4.09 



2.75: 



4.33: 



+0.02 



5.38 



15.79 



4.96 



+0.02 



16.74 



+0.05 



5.37 



+0.03 



+0.08 



5.43 



+0.02 



15.77 



15-601°;°° 



5.38+°'°? 15.84+°°5 



5.23 



+0.02 



+0.05 



4.46 



+0.03 



16.26 



17 sn+ - 06 
17.80_o.o6 



5.14l°°? 16.401°°^ 



4.77: 



5.20: 



17.12: 



16.24: 



3.56 

3.52 

3.00 

3-05_ . 18 
9 07+0.00 
2 -8'_o.oi 
7+0.02 

-0.01 
hO.09 
'-0.11 
H0.09 
-0.10 
hO.06 
'-0.09 
-,+0.13 
-0.13 
o 40+O.O8 
°-^°-0.04 

•? 41+009 

2 4n+ 004 

z - w -0.03 



2.87: 
3.34: 
3.31J 
3.32: 
3.191 



0.03 

0.04 

+0.02 

0.04 

o r-4+0.06 

■J- 04 -0.05 

-I — 0.01 

0.01 

+0.03 

0.04 

+0.13 

0.15 

+0.17 

0.21 



2.60: 

3.47J 



2.37 
2.40 
3.42 
3.46 



17 
17 
18. 
18. 
19 
19 
18. 
18. 
18. 
18. 
17 
17 
20 
19 
17 
17 
20 
20 
17 
17 



50: 
6lj 



23: 



0.00 

+0.02 

0.06 
04 +0.28 
uy: -0.23 
19+O.25 
lz -0.21 
r.Q+0.22 
ua -0.14 
^0+0.33 
^°-0.32 

8 3+o.io 



0.12 

+ 0.23 
-0.22 
0.08 
0.11 
Qi+0.10 
al -0.07 
0.09 
0.05 
+0.11 
-0.15 
,,7+0.02 
*'0.01 

4U -0.09 

0.38 
0.33 

+0.53 
0.41 



87: 

39j 



73: 
55j 



as: 

76j 



c 









TABLE 5 
Derived Dynamical Parameters from the 20 Profiles of the 10 GCs in the M31 Halo. 



Name Detector 



(1) 



(2) 



1 V 

(3) 



, Q ,o+0.244 

i.yi8_ 0237 

1 Q1«+ ' 244 
l.»lO_ 237 

i QQQ+0.257 
l.oo»_g 226 

i 88q+ 9 -257 

±.oo»_g 226 

1 Q1«+ ' 244 
1.91»_ .237 

1 Q1S+ - 244 
1.918_ .237 

1 Q1S+ - 244 
i.918_ 0237 

1 Q1S+ 0244 
i.918_ 237 

i ooi+0- 2 75 
1.881_ 223 
i eei +0.275 
1.881_ 0223 

1 Q1«+ 0244 
i.918_ 0237 

1 Q1S+ 0244 
1.918_ 237 

2 44-, +1.121 

Z.111_ g 73 

2 4 4 -,+1.121 

Z.441_ 5 73 

1.897±C;1^ 
1.8971°;^ 
i 8Q7+ ' 387 

l.O»(_ 215 

1.897±g : |?S 

1 Q1«+ - 244 
i.yio_ 237 

1 Q18+ ' 244 
i.»j.o_q 237 



Model 

(4) 



log Mtot 
(5) 



log £ 6 log E 



+0.06 



(erg) 
(6) 



50.681^5 
50.93± ;1J 
50.14±°;§1 

1+0.22 
-0.22 

1+0.21 
-0.24 

50.82±S;£ 



M pc" 
(Z) 



,+0.08 
■*.oo_ . 09 

/I sa+o- 08 

q Q4+O.O6 

o Q4+O.O6 

3.47+ ' 07 



logpo 
M Q pc" 

(8) 



logCT p ,o logVesc.O logtr 



log E h 
Mq pc -2 (kms^ 1 ) (kins" 1 ) 



r -,-,+0.12 

°- 11 -0.13 

1+0.12 
-0.12 



(9) 



,+0.20 
-0.22 

3.80t°j? 
3.27+ 012 



(10) 



q06 +UU2<:i 

Q56+ 0026 
u.yoo_ 036 

n 704+ 0028 

U. (U^_ 03 i 

n 670+0.028 
u.ui»_ 029 

n 78/1+0.028 

0.784_ 0034 

0.784_ 0033 

n qi 4+0.029 
u.yii_ 03 2 

0.914t°;° 28 

o.885i° :S? 

0.8381S 
0.868±°;g|| 

0.8681°:™ 

U.19Z_ 059 

0.467t°;g 8 5 l 
0.849±°;g|J 

n 77 c+0.041 
u -' ' d -0.027 

0.504±°,;° 1 4 ° 
0.480t°;°« 
0.848^;^ 

n 890+0. 026 
U - OZJ -0.()31 



(11) 



-U.02M 
-0.038 
t-84+0.028 
• 054 -0.041 
qnc;+0.028 
■ O\JO_ 034 

989+0.028 
,ZOZ_o 031 

qq-| +0.030 
•O01_o.o35 

009+0. 033 
.OOZ_ 035 

r-, -,+0.031 
•Oll_ .035 

.513+ - 031 



yr 

(12) 



q 11+O.I8 
a - ±± -0.20 

q 1 4+0.18 

a - ly: -0.19 

9.04±°; 12 

9-oo±g:S 
9-6i±S:8? 

9-62±° ;°I 
9-33± ;l? 

9.35±°:ii 

9.27±°; 09 

9.38+°;l 4 

9-o2i° :S 

g.os^; 1 ! 1 ! 

8.94i° ;i3 

8.8oi° o: g 

8.90±°; ° 7 

8- 84 -0.09 

q 28+ ' 09 

a -^°-0.06 

q 26+°' 10 

a - zu -0.07 

9-oo±g : i5 

8-98tg; 2 » 



log /o 

M (pc km s _1 ) 

(13) 



I -|80+ u '09» 
l.lOO_ 065 

n qoo+ ' 096 

U.300_y 050 
n o 9 t;+0.064 
U.OZd_ 040 

n 44q+0-09 4 

U.'i'ii>_ 064 

-1 041 + ' 040 

l.U41_ 030 

-1.0421°;°! 
-0.096i°;° 05 ! 
-0.0971°;°^ 

-0 002+0039 
U.OUZ_ .030 

U.UD1_ 044 

0.0961°;°! 

0.0961°;°^ 
0.413i°;° 9 65 

n ^40+° 135 

U.OW_ 065 

0.4361°;°^ 
0.808i°;°37 

-0 c;ifi+ 0063 
U.OlO_ 049 

-0 3q8+°' 046 

u.o»o_ 039 

n qog+o.067 

u - 3oo -0 .032 
1 n6 o+0.080 
l.UUO_0 042 



GC1 



WFC/F606 
WFC/F814 
WFC/F606 
WFC/F814 
WFC/F606 
WFC/F814 
WFC/F606 
WFC/F814 
WFC/F606 
WFC/F814 
WFC/F606 
WFC/F814 
WFC/F606 
WFC/F814 
WFC/F606 
WFC/F814 
WFC/F606 
WFC/F814 
GC10 WFC/F606 
WFC/F814 



GC2 



GC3 



GC4 



GC5 



GC6 



GC7 



GC8 



GC9 



K66 
K66 
K66 
K66 
K66 
K66 
K66 
K66 
K66 
K66 



5.66 



5.24 



+0.06 



5.66 



+0.06 



50.00] 
50.81 H 



5.72 



+0.06 



5.65 



+0.06 



5.51 



+0.06 



51.06t°; 22 

51.07t°; 21 

50.97tg;lt 

50.79t°; 2 l 

50.75 

50.76 

49.35 

49.16 

r 42+O.O8 r n ro+6.32 
°' 4/ -0.06 OU -°°-0.21 

50.20t°'2? 
5.05±°'° 8 R 49.64tg :32 
49.53±°,; 32 
50.49; 



4.85 



+0.17 



0.23 
+0.21 



0.47 
+0.66 



5.49 



+0.06 



1 + 0.21 
-0.25 

50.36tgjj 



-0.07 
.+0.07 

-0.07 
; +0.07 

-0.08 
.+0.07 

-0.08 
,+0.08 

-0.09 

4 nq+°' 08 

*- uy -0.09 
+0.06 

-0.06 
+0.06 

-0.06 
.+0.17 

-0.12 
. + 0.17 

-0.12 
4 Ofi+0.08 
^• OD -0.06 
• +0.08 

-0.06 
,+0.08 

-0.06 

no+ 008 

o - uo -0.06 

+0.07 
-0.07 
4fi i+0.07 
^■ D1 -0.07 



3.47Z 
4.26J 
4.26] 
4.09^ 



4.24] 
4.24] 
3.46^ 
3.46^ 



4.36] 
3.03^ 



4.61] 



5.01] 



o RR + 0.US 
°.°°-0.09 



3.71] 



+0.09 
-0.10 

2.56+°"" 



-0.07 

;+0.07 

-0.07 

3.87+°-° 9 



2.56] 



3.87] 
3.58] 1 
3.68] 1 
3.93^ 



-0.10 

7 +0.09 

-0.10 
,+0.09 

-0.10 
1+0.12 

-0.11 
,+0.07 

-0.07 

qo+0.07 

O.HO_ 07 
o -1-1+0.17 

■J^J^-o.is 

o i fi +0.18 
■J. iD -0.13 

4 21+0.09 

4 - Z1 -0.06 

4 05+009 

*- ,3o -0.07 



2.23] 



,+0.09 
-0.07 
22 g+0.09 



4.69 
4.74 



0.06 

+0.09 

0.08 

0.0!) 
0.09 



3.84] 



-0.13 

,+0.18 

-0.10 

3.16+ 005 



3.32^ 



3.15] 
3.63J 
3.60J 
3.60J 
3.46^ 



-0.06 
;+0.05 

-0.06 
, + 0.12 

-0.11 

1+0.11 

-0.10 

1+0.11 

-0.08 
.+0.15 
-0.14 
+0.07 
-0.07 

1+0.11 

-0.11 
1+0.17 
-0.12 
,+0.17 
-0.12 
•+0.09 
-0.06 
89+0-09 
o -°^-0.08 
•+0.08 
-0.05 
9 RS+O- 09 

o 7Q+0.16 
°-' u -0.14 

3.74+°- 22 



3.71] 
3.70^ 
2.79J 
2.98J 
3.75^ 



2.65] 



.539^ 



1 

1 
1 
1 
1 
1 
1 

l.Ol,5_ 036 

1 4fi7+ 0036 
J--*"' -0.040 
1 /I08+0.030 
l.«8_ 00 40 

1 4^8+°'° 27 
1.1OO_ 029 

1 4^8+ ' 026 
1.1OO_ 031 

1 nq3+°° 82 

l.U»O_ .060 

1 062+ ' 082 

l.UOZ_ 060 

1 44q+ 0041 

1.449_ 029 

1 08/1+°' ° 41 
1.384_ o27 

1 nfi6+°'° 4 ° 

l.UOO_ 026 

1 n4q +0 ° 41 

l.U1»_ 027 

1 470+ 0028 

1 -*' u -0 .035 

1 447+0.027 

'■^'-0.033 






